Elevational patterns of climate on the leeward slope of East Maui, Hawaii by Minyard, William P. et al.
COOPERATIVE NATIONAL PARK RESOURCES STUDIES UNIT 
UNIVERSITY OF HAWAII AT MANOA 
Department of Botany 
3190 Maile Way 
Honolulu, Hawaii 96822 
(808) 956-821 8 
Technical Report 92 
ELEVATIONAL PATTERNS OF CLIMATE ON 
THE LEEWARD SLOPE OF EAST MAUI, HAWAII 
William P. Minyard, Thomas W. Giambelluca and Dennis Nullet 
Department of Geography 
University of Hawai'i at Manoa, 




TABLE OF CONTENTS 
. . LIST OF TABLES ............................................................................................................................ I I  
. . LIST OF FIGURES .......................................................................................................................... 1 1  
INTRODUCTION ............................................................................................................................. 1 
METHODS ........................................................................................................................................ 1 
RESULTS 
MONTHLY AVERAGES ................................................................................................ 2 
ELEVATION EFFECTS ...................................................................................................... 2 
ANNUAL CYCLE ................................................................................................................ 4 
DIURNAL CYCLE ......................................................... ................................................... 6 
APPLICATIONS 
............................................................ ANALYSIS OF CLIMATIC EXTREME EVENTS 8 
......................................................................................... POTENTIAL EVAPORATION 9 
.................................................................................................................................. DISCUSSION 10 
............................................................................................................................ BIBLIOGRAPHY 12 
LIST OF TABLES 
1 . Monthly Averages of Climate Measurements Along Climate Transect ............................ 13 
2 . Elevational Patterns of Climate Along Climate Transect ................................................... 18 
............................................................... 3 . Annual Climate Pattern Along Climate Transect 19 
4 . Dii~rnal Climate Pattern Along Climate Transect ............................................................... 21 
LIST OF FIGURES 
1 . Map of the Study Area ................................................................................................... 24 
2 . Monthly Mean Net Radiation ............................................................................................. 25 
........................................................................................ 3 . Monthly Mean Global Radiation 25 
4 . Monthly Mean Air Temperature ........................................................................................ 26 
5. Monthly Mean Relative Humidity ...................................................................................... 26 
........................................................................................... 6 . Monthly Mean Vapor Pressure 27 
................................................................................................ 7 . Monthly Mean Wind Speed 27 
............................................................................................ 8 . Monthly Mean Soil Heat Flux 28 
9 . Monthly Mean Rainfall ....................................................................................................... 28 
............................................................................. . 10 Monthly Mean Atmometer Evaporation 29 
............................................................................................ . 1 1 Annual Mean Solar Radiation 29 
......................................................................................... 12 . June-July Mean Solar Radiation 30 
......................................................................... 13 . December-January Mean Solar Radiation 30 
14 . Cloud Attenuation of Global Radiation .............................................................................. 31 
..................................................................................................... 15 . Mean Air Temperature 31 
..................................................................................................... 16 . Mean Relative Humidity 32 
. .......................................................................................................... 17 Mean Vapor Pressure 32 
18 . Mean Wind Speed ............................................................................................................ 33 
........................................................................................................... 19 . Mean Soil Heat Flux 33 
20 . Annual Mean Rainfall ......................................................................................................... 34 
21 . Seasonal and Annual Rainfall Along Climate Station Transect ...................................... 34 
............................................................................. 22 . Annual Mean Atmometer Evaporation 3 5  
........................................................................................... 23 . Annual Cycle of Net Radiation 35
24 . Annual Cycle of Global Radiation ................................................................................... 36 
...................................................................................... . 25 Annual Cycle of Air Temperature 36 
26 . A~~ljual  Cycle of Relative Humidity .................................................................................. 37 
27 . Annual Cycle of Vapor Pressure ........................................................................................ 37 
28 . Annual Cycle of Wind Speed ....................................................................................... 38 
29 . Annual Cycle of Soil Heat Flux .......................................................................................... 38 
30 . Annual Cycle of Rainfall .................................................................................................... 39
3 1 . Annual Cycle of Atmometer Evaporation .......................................................................... 39
32 . Annual Cycle of Rainfall Versus Atmometer Evaporation 
at 950 meters Elevation .................................................................................................... 40 
33 . Annual Cycle of Rainfall Versus Atmometer Evaporation 
at 1650 meters Elevation .................................................................................................... 40 
34 . Annual Cycle of Rainfall Versus Atmometer Evaporation 
................................................................................................. at 2 130 meters Elevation 41 
35 . Annual Cycle of Rainfall Versus Atmometer Evaporation 
.................................................................................................... at 2600 meters Elevation 41 
36 . Annual Cycle of Rainfall Versus Atmometer Evaporation 
.................................................................................................... at 3000 meters Elevation 42 
................................................................................ 37 . Mean Diurnal Cycle of Net Radiation 42 
......................................................................... 38 . Mean Diurnal Cycle of Global Radiation 43 
............................................................................ . 39 Mean Diurnal Cycle of Air Temperature 43 
40 . Mean Diurnal Cycle of Relative Humidity ........................................................................ 44 
4 1 . Mean Diurnal Cycle of Vapor Pressure .............................................................................. 44 
42 . Mean Diurnal Cycle of Wind Speed ................................................................................... 45 
............................................................................... . 43 Mean Diurnal Cycle of Soil Heat Flux 45 
......................................................................................... . 44 Mean Diurnal Cycle of Rainfall 46 
............................................................... . 45 Mean Diurnal Cycle of Atmometer Evaporation 46 
.................... . 46 Relative Humidity and Rainfall During Snowstorm of January 14- 15, 1992 47 
...................... . 47 Air and Ground Temperatures During Snowstorm of January 14- 15, 1992 47 
.............................. . 48 Net and Global Radiation During Snowstorm of January 14-1 5, 1992 48 
49 . Diurnal Pattern of Atmometer Measurements Versus Potential Evaporation 
Estimates at 950 meters Elevation ...................................................................................... 48
50 . Diurnal Pattern of Atmometer Measurements Versus Potential Evaporation 
Estimates at 1650 meters Elevation .................................................................................... 49
5 1 . Diurnal Pattern of Atmometer Measurements Versus Potential Evaporation 
.................................................................................... Estimates at 2 130 meters Elevation 49 
52 . Diurnal Pattern of Atmometer Measurements Versus Potential Evaporation 
.................................................................................... Estimates at 2600 meters Elevation 50 
53 . Diurnal Pattern of Atmometer Measurements Versus Potential Evaporation 
Estimates at 3000 meters Elevation .................................................................................. 50 
iii 
ABSTRACT 
The climate of the main Hawaiian islands is strongly influenced 
by persistent subsidence inversion and trade winds characteristic 
of the region. In the middle and upper elevations of the high 
volcanic peaks climate is directly affected by the presence and 
movement of this inversion. Five climate stations have been 
operating on an altitudinal transect between 950 meters and 
3000 meters elevation on the leeward side of East Maui in order 
to measure and describe the climate zones created by the 
inversion layer. Hourly measurements of solar radiation, net 
radiation, air temperature, relative humidity, wind, rainfall and 
atmometer evaporation were made. This report documents the 
results of these measurements in terms of elevational, annual 
and diurnal patterns, as well as addressing some aspects of 
climate variability and the applications of this data in estimating 
rates of potential evapotranspiration. This report summarizes 
two to three years of data from these climate stations and can be 
used as a reference for future research on the relationship 
between native ecosystems and climate within the area of study. 
INTRODUCTION 
The climate of the main Hawaiian islands is 
strongly influenced by the persistent subsidence 
inversion and northeasterly trade winds 
characteristic of the region. The inversion layer 
and trade winds account for much of the spatial 
distribution of climate in Hawaii. Trade winds 
bring in moist oceanic air which blows up the 
mountains, cools adiabatically to the dew point, 
then forms clouds and rain on the windward sides 
of the islands. On the leeward side descending 
drier air warms adiabatically creating a rain shadow 
effect. This orographic rainfall pattern is modified 
by the subsidence inversion layer which exists at an 
average altitude of about 2000 meters (Riehl et al. 
1951) and acts as a barrier to the further upward 
movement of clouds. Hence the climate above the 
inversion begins to become much drier with 
increased elevation. 
Riehl et al. (1951) described 4 atmospheric layers 
over the ocean in the vicinity of Hawaii: subcloud, 
cloud, inversion and free atmosphere. The sukloud 
layer extends from sea level to about 600 to 800 
meters, at which point the well-rnixed atmosphere is 
saturated with water vapor and clouds are found. 
This cloud layer extends up to the bottom of the 
inversion layer at about 2000 meters. The inversion 
layer has a thickness of about 400 meters, and above 
2400 meters is the dry stable air of the free 
atmosphere. Because of the loss of water through 
rainfall, heating from the land, and downmixing of 
dry air the bottom of the cloud layer over land is 
considerably higher than the 600-800 meter height 
over the open ocean (Lavoie 1974). 
Palinologist Otto Selling (1948) analyzed bog 
cores from West Maui, Kauai and Molokai and 
found that significant changes in plant community 
structure have occurred through time in these 
locations. These changes are indicative of large and 
long-term changes in rainfall amounts in places 
which are now among the wettest on earth, and can 
reasonably be interpreted to mean that the average 
inversion layer height has fluctuated in the past by 
at least 600 meters (Selling 1948). Based on 
comparison with palinological data elsewhere, 
Selling concluded that the inversion layer was lower 
during colder periods and higher during warmer 
periods than the present. If this is the case, then the 
prospects for the future with carbon dioxide induced 
global warming involve a higher average inversion 
layer height with accompanying increases in 
rainfall and cloudiness at locations in Hawaii above 
2000 meters. These potential climatic changes 
could have serious negative consequences for the 
native Hawaiian biota at high altitudes which has 
adapted to the current climates but is in competition 
with newly introduced exotic species. 
METHODS 
In order to study the elevational pattern of 
climate, five climate stations were installed between 
950 and 3000 meters elevation on the western slope 
of East Maui, with the first instruments set up in 
June of 1988 (Figure 1). With minor exceptions, 
instruments have been recording continuous hourly 
data at all five stations since April, 1990. About 2 
to 4 years of hourly average data have been 
collected at these five stations for global and net 
radiation, air temperature, relative humidity, wind 
speed, soil heat flux, rainfall and potential 
evaporation using an automated atmometer 
described by Giambelluca et al. (1992). 
Global radiation was measured at each site with 
Eppley precision pyranometers, which were 
maintained level through weekly servicing. Net 
radiation was measured with Fritschen type net 
radiometers located above the canopy, also leveled 
weekly. Air temperature and relative humidity were 
measured with Vaisala HMD 30YB instruments at a 
height of 2 meters above the ground. Wind speed 
was measured with cup anemometers placed 2 
meters above the ground. Soil heat flux was 
measured with transducer plates placed 
approximately 3 cm below the soil surface. Rainfall 
was measured with 0.01" sensitivity tipping bucket 
rain gauges, which were cleaned weekly or 
biweekly. All instruments were connected to a Li- 
Cor datalogger which took minutely readings and 
recorded hourly average values from these readings. 
Data from the climate stations was stored on a 
computer hard drive, and visual inspection of 
graphed data in conjunction with notes from the 
field was used to screen out anomalous data. Global 
radiation data was additionally calibrated so that the 
clearest days at each station corresponded to the 
calculated clear day global radiation values as 
determined by the model of Bird and Riordian 
(1986). Soil heat flux data was adjusted so that 
yearly mean values would equal zero by adding or 
subtracting a constant from all data. For further 
analysis, a mean diurnal pattern was obtained for 
each instrument and month from the beginning of 
the instrument's operation, and this data was used to 
compute annual, monthly and diurnal means. For 
long-term rainfall means, three additional stations 
were used. The long-term station at 2130 meters 
had 40 years of continuous data and was used as the 
baseline station. The long-term summit station had 
10 years of data and the long-term station at 950 
meters had 8 years of data. Linear regression 
equations were determined relating yearly rainfall at 
each of these two stations to the station at 2130 
meters, and these equations were used to adjust the 




Figures 2-10 and Table 1 present the average 
values for each instrument and month and the 
calculated average vapor pressure. The spatial and 
temporal trends found in these graphs will be 
analyzed in more detail in separate discussions. 
However, some characteristics of the data are 
revealed in these graphs which are relevant to the 
descriptions of spatial and temporal patterns. 
Of particular importance is the length of record 
for the data. Global and net radiation instruments 
have been set up for the longest period along the 
transect and have been recording almost 
continuously at the lower three stations since June 
of 1988. The rest of the instruments for these 
stations have been operating more or less 
continuously since October, 1989 and the two upper 
stations have been operating since March, 1990. 
Hence for most of the data there is about a 2 to 2.5 
year record. This record is long enough to discern 
general spatial and temporal patterns, but is too 
short too allow more specific conclusions about 
long-term means and patterns - particularly with 
highly variable data such as rainfall. 
Another result of the shortness of the record is 
that single events or unusual patterns can skew the 
data from what might be represented with a longer 
period of record. For this data, the months of 
November, 1990 and January, 1991, represented 
interesting departures from the expected mean 
patterns of cloudiness and rainfall. A number of 
winter storms struck in the winter of 1990-1991. 
3000 meters than to the station at 2130 meters 
during this time (Figure 9). This elevation 
distribution contrasts with data available from long- 
term rainfall records and clearly should be 
interpreted with caution. January, 1991 was a 
particularly unusual month, recording moderate to 
high rainfall at the high elevation stations but also 
recording some of the clearest, driest weather for 
the period of record (Figures 5 and 6). 
As has been indicated, short-term variability in 
weather patterns preclude detailed discussion of 
long-term climate patterns. However, this 
variability itself is an important climate factor 
which can be addressed in greater detail through 
this data. Some climate factors such as net and 
global radiation (Figures 2 and 3), air temperature 
(Figure 4) and wind speed (Figure 7) exhibit 
relatively stable spatial and temporal patterns at all 
of the climate stations. Other factors such as 
relative humidity (Figure 5) seem to maintain 
relatively consistent spatial pattern but have a lot 
of temporal variability at 2130 meters and above. 
Rainfall (Figure 9) is highly variable both 
temporally and spatially, although the annual 
pattern is still evident from the current data set. 
Atmometer evaporation, one of the more 
interesting measurements at these climate stations, 
is influence by a variety of meteorological factors 
including net radiation, relative humidity, air 
temperature and wind speed. The variability in all 
of these factors combine to create a great deal of 
short-term spatial and temporal variability in 
atmometer evaporation as well (Figure 10). 
ELEVATION EFFECTS 
Table 2 gives values used in Figures 11 through 
20 and 22. In Figures 11-13, estimated clear sky 
global radiation is shown for comparison with 
measured global and net radiation. In annual 
measurements (Figure 1 I), measured global and net 
radiation are lowest at the 1650 meter station and 
are higher above and below this station. Above 
1650 meters, global and net radiation generally 
increase with elevation to maximum values at 3000 
meters. Summer and winter patterns are similar to 
the annual pattern, with summer radiation greater 
than and winter radiation less than annual averages 
(Figures 12 and 13). 
bringing above-average rainfall to high elevation Comparing global radiation with clear sky values 
areas. Additionally, these storms brought in Figure 14 shows an annual average cloud 
significantly more recorded rainfall to the station at 
attenuation of insolation as high as 47% at 1650 OCIm) and winter (0.0053 OCIm). Between 2600 
meters elevation, with less attenuation above and and 3000 meters the lapse rate is quite similar, 
below. At 950 meters, cloud attenuation averages averaging 0.0058 OCIm in the summer, winter and 
37% for the year. This station on the low flank of yearly averages. From 1650 meters to 2600 meters, 
the volcano is well below and beyond the bottom of however, the annual lapse rate averages only 0.0026 
the cloud layer which often forms around the OClm or less than half the lapse rates above 2600 
volcano in the early afternoon, hence it has lower meters and below 950 meters. 
cloud attenuation of global radiation than the 
station at 1650 meters which is most often in the Within this inversion layer zone between 1650 
cloud layer. Above 1650 meters cloud attenuation and 2600 meters, the average height of the 
of global radiation decreases with elevation, inversion layer appears to occur more often in the 
reaching 29%, 21% and 15% of global radiation at upper part of this zone. Between 2130 meters and 
2130 meters, 2600 meters and 3000 meters 2600 meters the average lapse rate is lowest for the 
elevation respectively. entire transect at 0.0023 "Clm. Between 1650 
meters and 2130 meters the average lapse rate is 
In general, cloud attenuation of global radiation is 0.0029 OC/m, still indicating the effects of the 
higher at all elevations in the summer than in the inversion layer, but to a lesser degree. 
winter, except at the summit which has greater 
winter cloudiness. Except for at the summit, this is The greater persistence of the inversion layer in 
counter to what might be expected based on the summer versus winter months can be discerned 
tendency for a weaker winter inversion and winter from this data. Between 1650 meters and 2600 
storms to increase cloudiness at upper elevations. meters the lapse rate averages 0.0024 OCIm in the 
Perhaps greater mountain heating in summer summer months and 0.0026 OCIm in the winter 
months is enough to generate greater cloudiness up months. This effect is small, but more pronounced 
to 2600 meters, or perhaps the unusually clear and between 1650 and 2130 meters in which the lapse 
rainless month of January, 1991 is skewing the rate is 0.0027 OCIm in the summer and 0.003 1 
results from what would normally be expected to OUm in the winter.. Between 2130 meters and 
occur. 2600 meters the summer lapse rate is equal to the 
winter lapse rate at 0.0021 OCIm. These 
As can be seen in Table 1, net radiation as a temperature profiles indicate that in general the 
percentage of global radiation is quite similar inversion layer is more often found between 2130 
between the lower three stations, ranging from 57% meters and 2600 meters than between 1650 meters 
to 59% in the summer and 51% to 55% in the and 2130 meters, and that the inversion is slightly 
winter. The highest elevation station has slightly more persistent in the summer than the winter. 
higher net radiation as a percentage of global 
radiation, at 64% in the summer and 58% in the In general, relative humidity decreases with 
winter. The station at 2600 meters exhibited the through the transect, from an 
greatest range in net radiation as a percent of global mean high of 83% at 950 meters to only 44% at 
radiation at 56% in the summer and 44% in the 3000 meters (Figure 16). Summer is higher than 
winter. For all stations, net radiation is a lower winter relative humidity at all stations. This annual 
percentage of global radiation in the winter than in pattern agrees with the annual pattern of greater 
the summer. Winter low net radiation at 2600 summer versus winter cloudiness at all but the 
meters relative to nearby stations is not easily highest station, and indicates that this pattern is not 
explainable and could be due to problems with simply an artifact of the instrument calibration. 
instrument calibration, although the effects of Relative humidity at 1650 meters in particular 
seasonal changes in vegetation cannot be ruled out. seems to reflect greater summer cloudiness with 
summer relative humidity at this elevation higher 
While no inverse temperature lapse rate is seen in than relative humidity at 950 meters. 
the mean profiles (Figure 15), the inversion's 
influence is apparent in the reduced temperature Because relative humidity is influenced by both 
gradient between 1650 meters and 2600 meters. temperature and water content of the air, vapor 
From 950 meters to 1650 meters the temperature pressure profiles (Figure 17) differ somewhat from 
lapse rate averages 0.0059 OC/m for the year, relative humidity profiles. In both summer and 
differing only slightly between summer (0.0056 winter months as well as annual averages, vapor 
pressure decreases nearly linearly with elevation. 
3 
Summer months with higher average temperatures 
and relative humidity have higher vapor pressure 
than winter months. 
Wind speed is greatly influenced by local 
topography and instrument exposure. Despite these 
site-specific influences, it is apparent from Figure 
18 that average wind speed increases with elevation 
both in winter and summer. The only exception is 
at 2600 meters in the summer which has somewhat 
lower wind speed than 2130 meters. The presence 
of a strong inversion layer between these elevations 
could be in part responsible for this exception, with 
relatively calm conditions being associated with the 
inversion layer boundary. In general, wind speed is 
greater in winter than in the summer. This 
difference seems to be most prominent at the three 
middle-elevation stations at 1650,2130 and 2600 
meters. Perhaps the presence of a stronger summer 
inversion is also responsible for this effect, 
preventing summer diurnal winds from moving up 
and down the mountain across the inversion layer. 
Soil heat flux measurements indicate an 
interesting, if not easily explainable pattern between 
summer and winter ememes (Figure 19). Four of 
the five stations exhibit the expected pattern of 
positive net soil heat f l u  in summer months and 
negative flux in winter months. The exception is at 
2600 meters at which winter flux is slightly higher 
than summer flux. The general shape of the graph 
indicates that the annual range of soil heat flux is 
greatest at the summit, is lower at the three 
intermediate stations, and increases again at the 
lowest station. It seems quite possible that this 
pattern is an artifact of instrument error, since the 
range in net radiation at 2600 meters should 
reasonably produce the opposite effect in soil heat 
flux from what it did. 
Rainfall is notoriously variable from year to year, 
so conclusions about spatial patterns cannot be 
adequately drawn from the current data set. 
Nonetheless, some patterns which accord with long- 
term normals can be seen in the data (Figures 20 
and 21). At all stations, winter rainfall was 
substantially higher than summer rainfall. In both 
winter and summer the lower stations had lower 
rainfall than the middle station at 2130 meters. 
Additionally, most of the seasonal rainfall indicates 
that the station at 2130 meters receives the 
maximum rainfall for the transect. Above this 
station the inversion layer exerts a negative 
influence on rainfall and below this elevation the 
rain shadow effect of the mountain exerts an 
increasing influence. The winter of 1990-91 
indicates that rainfall is highest at the summit, but 
this data does not accord with long-term normals 
and should be interpreted with caution. As a result 
of the winter of '90-'9 1 the annual pattern of rainfall 
appears greater at the summit than long term 
normals indicate. The winter of 1991-92 had a 
rainfall pattern which more closely fit the long-term 
pattern. Because of the high variability of rainfall, 
this limited data set must be interpreted with 
caution in terms of absolute values and spatial 
patterns of rainfall normals. 
As can be seen in Figure 22, atmometer 
evaporation is highly spatially variable through the 
climate station transect. Atrnometer evaporation is 
a measure of the maximum amount of evaporation 
which would occur of water were unlimited in the 
soil. It is driven by net radiation, but is influenced 
by relative humidity, air temperature and wind 
speed as well. Despite this complex of factors, it 
appears that annual mean atmometer evaporation 
rates are quite similar at the three lower sites at 
950, 1650 and 2130 meters elevation. Above 2130 
meters there is a sharp gradient of increasing 
atmometer evaporation with elevation, such that the 
station at 3000 meters experiences average rates 
79% higher than at 2130 meters. Seasonal 
variations are generally as would be expected, with 
summer values between 1.3 and 2.1 mmlday higher 
than winter values at all stations except at 1650 
meters. At this station, relatively high summer 
cloudiness (Figure 14) and relative humidity 
(Figure 16) as compared to winter values act to 
limit the annual range to only about 0.1 mdday. 
ANNUAL CYCLE 
The annual cycle for each measured value is given 
in Table 3 and Figures 23 through 3 1. The annual 
cycles of net and global radiation (Figures 23 and 
24) are indicative of the march of solar declination 
and day length as well as cloud cover variations 
related to season. Cloud cover probably has 
significant interannual variability, and thus these 
measurements represent a small sample which 
might not be completely representative of long term 
means. Nevertheless, the general patterns of 
insolation and radiation balance are apparent. The 
maximum of global radiation occurs in May for two 
stations and in June for the other three stations. 
The annual net radiation peak occurs in May at one 
station, June at three stations and July at one 
station. Solar radiation minimums occur in 
November at 3000 meters and in December for the 
other four stations. The 3000 meter minimum is 
probably due to the influence of November 1990, 
which was unusually cloudy and rainy. Net 
radiation minimums occurred in December for all 
five stations. 
The spatial pattern of solar and net radiation is 
again evident in the annual cycle, with both solar 
and net radiation consistently higher at higher 
elevations. Additionally, the magnitude of the 
annual cycle appears to be greater at higher 
elevations. The station at 1650 meters consistently 
records the lowest values of solar and net radiation 
as well as the least difference between summer and 
winter radiation, probably as a result of the clouds 
often found at this elevation. 
The small annual temperature cycle typical of 
marine tropical climates can be seen in Figure 25. 
The coldest month averages 4.0,4.1, 3.2, 3.5, and 
3.9 "C colder than the warmest month for the 
stations at 950, 1650,2130, 2600 and 3000 meters 
respectively. Temperature maximums occur in 
August for 4 of the 5 stations and in September at 
950 meters. Temperature minimums occur in 
February for 2 stations and in March for the other 3 
stations. Hence the annual cycle of temperature 
lags about 2-3 months behind the annual cycles of 
global and net radiation. 
Mean annual cycles of relative humidity appear to 
be dependent on elevation along the transect, as can 
be seen in Figure 26. The greater persistence of the 
inversion layer in summer months can be seen in 
the strong gradient of decreasing relative humidity 
with increasing elevation above the 1650 meter 
station during this time. Fall and winter months on 
average have a consistent but weaker gradient of 
decreasing relative humidity with increasing 
elevation. At 950 meters relative humidity remains 
quite constant throughout the year, averaging 
between 83% and 86% for all months except 
January. This results from the constant mixing of 
air at this elevation with air in contact with the 
ocean surface. At 1650 meters a slight annual 
pattern appears, with summer relative humidity 
between 83% and 86% versus winter values below 
75%. Excluding the anomalous month of January, 
the upper 4 stations seem to have a quasi annual 
cycle of relative humidity, with peaks in the fall and 
lows in the spring. Because of the shortness of the 
record, these patterns should be interpreted with 
caution. The relatively low January values of 
relative humidity at all stations corresponds to an 
unusual month with relatively low rainfall and clear 
skies. With a longer record, these fluctuations 
would exert less influence and the typical pattern 
would become more evident. 
Vapor pressure is related to both temperature and 
relative humidity (Figure 27). The annual pattern 
of vapor pressure appears quite similar to the 
temperature pattern, with local maximum values in 
September for all stations. The annual cycle 
appears less pronounced at higher stations where 
high temperatures in the summer generally occur 
coterminously with low relative humidity. 
Annual patterns of wind speed also appear to 
depend on elevation (Figure 28). At the 950 meter 
station as well as the 3000 meter station, there is no 
obvious annual pattern of wind speed. At the 1650, 
2130 and 2600 meter stations, howcver, a distinct 
annual pattern occurs with generally higher wintcr 
winds than summer. 
Annual soil heat flux generally accords with 
expected patterns related to net radiation (Figure 29 
and 23). The largest annual cycle occurs at 3000 
meters, which also has the largest annual cycles of 
net radiation and air temperature. The pattern at 
2600 meters is unusual with a maximum in January 
and a minimum in September, and is probably a 
result of problems with the instrument. An annual 
pattern is evident at the three lower stations, with 
the station at 1650 meters recording the lowest 
annual range and the station at 950 meters 
recording the greatest annual range of these three. 
Monthly mean values of rainfall are plotted in 
Figure 30. Values during the winter are highly 
dependent on the timing and intensity of individual 
storms for this short period of record, hcncc only 
the broadest inferences can be made about long- 
term means. Additionally, problems with 
instrument malfunction can produce spurious 
results. Nonetheless, rainfall at all stations exhibits 
the annual pattern characteristic of the leeward 
sides of the Hawaiian islands. The large majority of 
the rainfall during this short period of record 
occurred during the season from November to 
March. Additionally, it appears that summer 
rainfall was limited at all stations but was 
substantially higher at 2130 meters than at the other 
stations, which accords with the long term record. 
Monthly means of atmometer evaporation are 
plotted in Figure 3 1. It is highest along the transect 
at the upper two stations because of the low relative 
humidity, high net radiation and high mean wind 
speeds. The large range in annual net radiation and 
relative humidity at the upper two stations also 
contribute the large range in annual atmometer 
evaporation at these stations. The stations at 2130 
and 950 meters also exhibit annual patterns, but 
with lower average values due to the relatively more 
moist air at these locations. At 1650 meters little 
annual pattern is evident. This can be explained by 
the relatively shallow cycle of net radiation at this 
elevation in combination with an annual cycle of 
relative humidity which counteracts the net 
radiation cycle. 
Soil moisture is an important environmental 
variable for plants, and depends on a great deal of 
factors including soil properties, hill slope angle, 
rainfall amounts and evapotranspiration from plants 
and the soil. As a first step towards describing 
water availability for plants, the annual pattern of 
rainfall was plotted along with the annual pattern of 
atmometer evaporation at each station. As can be 
seen in Figures 32-36, each location along the 
transect has its own annual pattern of water 
availability. The data at the 950 meter station 
indicate that this location is quite dry (Figure 32). 
This location has the longest period of dry weather 
of all the stations with a rainfall deficit (defined 
here as monthly average atmometer evaporation 
minus rainfall) for 10 months of the year. The 
rainfall deficit in the summer months reaches up to 
4.1 &day and averages 3.0 mrnlday. At 1650 
meters, the summer period of rainfall deficit is less 
extreme than at 950 meters, lasting for 9 months 
with a maximum deficit of 3.2 &day and an 
average of 1.8 mmlday (Figure 3 3). At 2 13 0 
meters, the dry summer is mild compared to 950 
meters, with a length of only 4 months, a maximum 
deficit of 3.7 mdday and an average deficit of 2.9 
&day (Figure 34). 
Above 2130 meters, rapid rates of evaporation 
produce substantial summer water deficits. At 2600 
meters, the period of water deficit lasts for 7 
consecutive months, has a maximum of 5.8 mmlday 
and averages 4.0 mm/day (Figure 35). At 3000 
meters the summer dty season lasts for 7 months, 
has a maximum of 7.5 &day and averages 5.5 
mdday (Figure 36). Although this method of 
assessing potential water stress on plants is far from 
perfect, it does give an indication of the relative 
water stresses between different locations on the 
transect. Clearly the very high summer atmometer 
evaporation rates and low rainfall at high elevations 
contribute to making this area quite desert like in 
summer months. The loose cinder soil probably 
acts synergistically with the climate in this respect. 
From these comparisons it can be seen that the 
environment above the temperature inversion layer 
is quite different from that below with respect to 
water availability for vegetation. Just below the top 
of the inversion layer on the leeward side is an area 
of relatively mild climate from the perspective of 
water availability for vegetation. At even lower 
elevations below the bottom of the cloud layer 
decreasing rainfall amounts contribute to lower 
water availability again, although not as extreme as 
exists well above the inversion layer. 
More work needs to be done in order to determine 
more quantitatively the importance of these 
summertime soil water deficits for plant 
communities along this transect and the animals 
that depend on them. Clearly, however, the 
extreme climates at the upper elevations must have 
served as significant environmental forces for the 
development of unique adaptations by Hawaiian 
plants and animals, many of which are found 
nowhere else in the world. If global warming does 
bring the relatively mesic climates found at 1650 
and 2130 meters significantly upslope, then these 
plants and animals which are currently so well 
adapted may find themselves losing the competition 
with aggressive nonnative species. 
DIURNAL CYCLE 
Average diurnal patterns for each measurement 
are shown in Figures 37 through 45 and Table 4. 
Global radiation patterns reflect the greater 
attenuation of sunlight through the atmosphere and 
clouds at lower elevations (Figure 38). The pattern 
at 3000 meters is quite symmetrical, reflecting the 
generally cloud-free conditions at this elevation. 
The average daily solar radiation peak at this 
elevation occurs between 1200 and 1300 hours, 
halfway between average sunrise at 0700 hours and 
sunset at 1900 hours. At lower elevations global 
radiation peaks at progressively earlier hours on 
average, reflecting the influence of clouds earlier in 
the day. Global radiation peaks occur at 1200, 
1200, 1100 and 1100 hours respectively at 2600, 
2130, 1650 and 950 meters elevation. Afternoon 
global radiation is noticeably attenuated at 950 and 
1650 meters. The greatest afternoon cloudiness 
occurs at the 1650 meter station in the cloud belt. 
Near dusk (1800 to 1900 hours) precipitation 
increased dramatically to a peak of 15-17 mmlhr, 
probably as a result of rapidly lowering air 
temperatures with accompanying lower saturation 
vapor pressures. From midnight through 1400 
hours on January 15 the freezing rain and snow 
continued at a lesser rate of 1-6 mrnthr. Relative 
humidity declined dramatically on the evening of 
January 15 as the inversion layer reformed below 
3000 meters elevation. This inversion layer 
persisted through January 18. 
Figure 47 shows air temperatures at 2600 and 
3000 meters elevation, as well as ground 
temperature at 3000 meters. The ground 
temperature at 3000 meters began to drop sharply 
when precipitation began and hovered near zero 
from the night of January 14 through the day of 
January 15. With snow on the ground and clear 
skies on the night of January 15, ground 
temperature decreased dramatically to below -9 "C. 
From January 16 through 18 ground temperatures 
slowly returned to more normal levels as the snow 
meltcd. Air temperatures also decreased during the 
storm, but not as dramatically as ground 
temperatures. From this graph it is evident that 
events such as this storm can bring unusually low 
soil temperatures to high elevations on Haleakala, 
which may in turn act as an effective environmental 
constraint against species which cannot tolerate 
such low temperatures even for a night. 
Figure 48 shows radiation patterns during the 
snowstorm. Of parhcular interest is the pattern of 
net radiation at 2600 and 3000 meters during the 
night of January 14. Apparently, freezing rain and 
snow during the night served to equalize soil and 
sky temperatures, and net radiation remained close 
to zero throughout the night. Before and after the 
storm net radiation maintained its more familiar 
pattern of negative nighttime values as the rclatively 
warmer soil radiated energy into the atmosphere 
and space. Net radiation was higher at 3000 meters 
than at 2600 meters on January 13, as is typical. 
Through January 16, however, daytime net 
radiation at the summit was lower than at 2600 
meters, probably as a result of the much greater 
albedo of the snowcovered ground at 3000 meters. 
As this discussion indicates, extreme climate 
events such as this snowstorm can create 
environmental conditions well outside of the range 
normally found at a location. Such conditions, 
although infrequent, may play an important part in 
effecting changes in the distribution of plants and 
animals on the landscape. The climate stations in 
Haleakala National Park offer the opportunity to 
study these climate events in spatial and temporal 
detail, with the additional possibility of relating 
these events to the biology of affected plants and 
animals. 
POTENTIAL EVAPORATION 
The concept of potential evaporation (PE) has 
been developed as a way to describe the climatic 
influences on evaporation from a plant and the 
surrounding soil, and it is an important 
characteristic of plant water relations. PE can be 
defined as the evaporation from a short green 
vegetated surface for which water is not limiting. 
Penman (1948) developed an equation to estimate 
PE in given climatic conditions: 
where hE is the latent heat flux of evaporating 
water 
A is the slope of the saturation vapor pressure 
versus temperature curve 
RN is net radiation 
y is the psychrometric constant 
and EA is an aerodynamic term 
Penman developed an empirical equation to 
estimate the aerodynamic term: 
E = (0.013 + 0.00016U2)(e*1 - el) 
where UZ is wind speed in W d a y  measured 2 
meters above the ground 
eS2 is saturation vapor pressure at air temperature 
2 meters above the ground, and 
el is vapor pressure at air temperature 2 meters 
above the ground 
Other researchers have used the basic Penman 
formulation with some modifications to estimate 
PE. Van Bavel developed a more physically based 
formulation for the aerodynamic term (Van Bavel 
1966): 
where UR is wind speed in W d a y  at the reference 
height 
e * ~  is saturation vapor pressure at the reference 
height 
& is vapor pressure at reference height 
TR is air temperature at reference height in 
degrees Kelvin 
ZR is reference height, and 
zo is the roughness length, a characteristic 
parameter of the surface 
Priestly and Taylor (1972) developed a 
simplification of the Penman equation for use over 
large areas: 
In the Priestly-Taylor formulation, then, the 
aerodynamic term is replaced by a constant. With 
these three formulations, PE was estimated for the 
five climate station sites using measurements of net 
radiation, air temperature, relative humidity and 
wind speed. For hours in which all of these 
instruments recorded error free data, and during 
which the atmometer also recorded error free data, 
direct comparisons could be made between these 
estimates and the atmometer measurements. 
Figures 49 through 53 show diurnal patterns 
comparing these paired atmometer measurements 
and PE estimates over the whole period of climate 
station operation. 
Figure 49 shows this comparison for the station at 
950 meters. This station has the closest fit of the 5 
stations between atmometer and modeled PE values. 
However, the atmometer values seem to contain a 
time lag during the day that might be a result of 
inertia within the atmometer system. This time lag 
is evidenced by the atmometer values which are 
lower than modeled PE values in the morning hours 
and higher than modeled PE values during the 
afternoon. At midday, the atmometer peaks on 
average at 1300 hours while the PE estimates peak 
on average at 1200 hours. 
Although this time lag could be the result of 
inertia within the atmometer system, the atmometer 
values could still be representing a more accurate 
estimate of environmental evaporation since it 
makes sense that there would be inertia in 
evaporation rates from the soil and plants as well. 
The other notable characteristic of Figure 49 is the 
nighttime evaporation, which is distinctly higher for 
the atmometer than for the PE estimates. In fact, all 
of the PE estimates predict negative nighttime 
evaporation, which can be interpreted as the 
condensation of dew. 
In Figure 50, the atmometer evaporation at 1650 
meters is reasonably well reproduced during the 
daytime with about a one hour lag time here also. 
The nighttime discrepancy between atmometer 
measurements and PE estimates is even greater 
here, however, with atmometer rates averaging 
about 2 d d a y  higher. 
In Figures 51 through 53, the upper stations have 
large discrepancies between atmometer 
measurements and PE estimates during both day 
and night. During the peak hours of the day, the 
atmometer rates of evaporation are from 3 to 6 
mmlday lower than the PE rates estimated from the 
various Penman equations. During the night, this 
situation is reversed with the atmometer rates 
averaging from 1.5 to 3 d d a y  higher than the PE 
estimates. One possible explanation for this 
phenomenon is the existence of large amounts of 
heat advection between the surface and the air 
which is not incorporated into the PE models 
(Nullet and Giarnbelluca 1990, Giambelluca and 
Nullet 1992). The atmometer values are consistent 
with the presence of relatively moist upslope winds 
during the daytime which would tend to suppress 
evaporation, while relatively dty downslope winds 
would tend to enhance evaporation. The PE models 
used in this analysis all have an assumption of 
equilibrium boundary layer conditions between the 
evaporating surface and the reference point where 
measurements are made. These equilibrium 
conditions are probably rarely met because of 
adiabatic changes in air temperature and relative 
humidity with the upslope and downslope winds. 
Further research on this issue is needed in order to 
better understand and predict potential evaporation 
rates. 
DISCUSSION 
Because of the persistent subsidence inversion at 
about 2000 meters elevation, a unique climate is 
created at high altitudes in the Hawaiian Islands, 
which in turn has led to unique adaptations by 
native plants. This report has documented a four 
year period of intensive climate monitoring for a 
high altitude leeward transect on East Maui. The 
information in this report may be useful for 
ecological monitoring in Haleakala National Park. 
Several areas of potential research have been 
outlined. These climate stations serve as a 
continuing database for research into climate 
variability and the interaction between climate and 
ecological processes on leeward East Maui. In 
particular, this database serves as an excellent 
source of information for research on the relations 
between climatc, nativc biota, and the dclcterious 
impacts of exotic biota on native ecosystems. 
Further research needs to be done to assess the 
impact of extreme climatic events and possible 
climate changes related to global warming on 
Hawaiian ecosystem dynamics, and these stations 
provide an excellent source of data for this research. 
In addition to these climate stations, a series of 
four remotely-accessed climate stations have been 
installed on the windward side of East Maui within 
Haleakala National Park. These stations should 
provide similar data for the windward- side of East 
Maui as the current stations are providing for the 
leeward side. The range of ecosystems monitored 
with detailed climate information will expand to 
include the Kalapawili grasslands as well as the 
O'hia forest and bogs below down to 1600 meters 
elevation within Haleakala National Park. These 
stations will provide unprecedented opportunities to 
study relationships between climate and ecologicd 
processes in these Hawaiian ecosystems. 
It is hoped that this report will serve to stimulate 
further ecological research incorporating climatic 
events and processes in Hawaii, with an aim to 
developing successful research and management 
strategies for preserving these native Hawaiian 
ecosystems. 
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Table 1: Monthly Averages of Climate Measurements Along Climate Transect 



















































950 1650 2130 2600 3000 
221.0 209.3 328.5 
232.8 197.2 280.8 
204.2 245.8 
190.8 162.1 205.6 
163.2 152.1 170.6 
148.7 138.9 159.0 
136.9 126.2 151.5 
158.2 128.8 192.2 
148.6 135.0 
183.0 165.8 232.5 
199.1 167.1 187.5 
212.4 174.3 243.9 
210.4 182.5 265.2 
204.2 172.8 266.2 
194.9 172.3 238.5 
188.8 156.2 202.5 
132.8 159.6 




186.6 170.3 267.3 312.8 
181.9 153.8 226.1 265.8 303.7 
228.7 183.6 255.0 301.1 325.8 
215.7 182.5 288.3 314.3 325.3 
209.9 174.9 248.5 279.0 296.5 
226.8 185.0 266.2 303.7 318.5 
191.3 151.7 200.1 248.6 262.3 
183.8 146.2 176.1 215.6 235.6 
114.9 109.2 132.2 152.5 145.9 
139.4 130.2 154.2 157.1 153.7 
172.2 164.3 195.4 210.0 214.4 
189.2 176.8 208.0 219.2 223.6 
176.6 162.9 192.6 208.9 212.6 
217.6 168.0 241.9 294.1 322.1 
224.8 178.6 251.4 290.5 317.8 
226.7 177.0 257.7 268.3 328.5 
212.1 166.6 246.1 287.8 322.3 
207.8 175.9 241.6 223.6 279.3 
188.9 161.7 216.6 230.0 273.1 
161.1 141.0 189.9 212.2 236.8 
151.3 132.7 181.1 202.8 205.0 
141.4 124.3 161.9 176.1 191.3 
154.0 156.1 206.7 213.9 
187.0 185.8 236.1 213.2 246.4 
199.7 171.3 248.3 216.9 304.0 
224.2 170.8 
Table 1 continued 
Air Temperature (OC) 
elevation (m) 
950 1650 2130 2600 3000 
18.0 15.9 14.8 
18.2 15.7 12.5 
18.4 15.2 12.2 
18.8 15.7 12.8 
15.2 11.6 
15.3 11 .1  
9.5 
8.5 
Relative Humidity (%) 
elevation (m) 









Table 1 continued 
Vapor Pressure (mb) 
elevation (m) 
Wind Speed (mls) 
elevation (m) 









Table 1 continued 
Rainfall (mmlday) 
elevation (m) 
Atmometer Evaporation (rnmlday) 
elevation (m) 
950 1650 2130 2600 3000 
1.6 7.0 
3.3 4.4 6.3 
3.7 3.1 
3.4 3.5 
1.6 3.2 2.5 
2.4 3.6 3.0 
2.3 2.8 
3.4 1.8 
Table 1 continued 
Soil Heat Flux ( ~ / m 2 )  
elevation (m) 







-0.6 -0.4 -2.9 
-1.6 -1.3 -1.9 
-0.1 0.3 -1.0 
-1.5 -2.1 -1.5 
-0.7 -1.4 3.1 
0.1 0.4 1.2 
0.2 1.5 1.2 
0.8 2.2 0.6 
1.5 1.0 0.8 
1.1 0.7 0.2 
1.8 0.6 -0.2 
2.3 1.4 -0.1 
0.0 -0.3 -3.7 
0.0 -0.3 1.1 
-0.2 -0.8 5.4 
-1.0 -1.3 2.1 
-0.2 -1.0 
-0.2 0.7 -5.2 
0.0 0.5 -6.1 
-0.1 
Table 2: Elevational Patterns of Climate Along Climate Transect 
annual mean net radiation (w1m2) 
values global radiation (w/m2) 
modelled clear sky (w/m2) 
cloud attenuation (%) 
netlglobal radiation (%) 
air tempurature (OC) 
relative humidity (%) 
wind speed (mls) 
soil heat flux (w1m2) 
rainfall (rnmlyear) 
rainfall (mmlday) 
atmometer evaporation (mmlday) 
vapor pressure (mb) 
June and July net radiation (w1m2) 
mean values global radiation (w1m2) 
modelled clear sky (w1m2) 
cloud attenuation (%) 
netlglobal radiation (%) 
air tempurature (OC) 
relative humidity (%) 
wind speed (mls) 
soil heat flux (w1m2) 
rainfall (mmlday) 
atmometer evaporation (mmlday) 
vapor pressure (mb) 
December and net radiation (w/m2) 
January mean global radiation (wlm2) 
values modelled clear sky (w/m2) 
cloud attenuation (%) 
netlglobal radiation (%) 
air tempurature (OC) 
relative humidity (%) 
wind speed (rnls) 
soil heat flux (W/m2) 
rainfall (mdday) 
atmometer evaporation (mmlday) 
vapor pressure (mb) 
elevation (m) 



































Net Radiation (w/m2) Global Radiation ( ~ / r n 2 )  
elevation (m) 
1650 2130 2600 
70.6 103.7 86.8 
83.9 115.6 120.6 
91.7 137.5 131.8 
93.3 135.1 141.4 
104.7 150.8 152.2 
107.6 153.2 166.3 
104.8 154.2 153.3 
101.7 153.8 154.5 
91.9 133.5 140.9 
82.1 115.3 114.6 
72.9 96.7 84.0 
68.5 91.3 78.2 
Air Temperature (OC) 
elevation (m) 
1650 2130 2600 
12.3 11.0 10.2 
11.7 10.5 9.3 
11.3 10.5 9.5 
12.4 11.8 10.7 
12.8 11.7 10.9 
14.3 13.3 12.1 
15.0 13.2 12.5 
15.4 13.7 12.8 
15.3 13.4 12.6 
14.8 12.7 11.2 
14.4 13.2 11.0 
12.3 10.6 9.4 
Vapor Pressure (mb) 
elevation (m) 
1650 2130 2600 
10.0 6.2 3.4 
10.1 7.4 5.0 
11.1 7.7 4.7 
12.1 8.4 5.9 
12.5 9.1 6.2 
13.4 9.6 6.3 
14.2 10.0 7.6 
14.8 10.9 8.4 
14.9 11.3 9.7 
elevation (m) 
1650 2130 2600 
144.7 199.6 208.3 
160.5 222.0 217.2 
165.6 231.9 239.0 
163.1 219.0 280.0 
178.8 250.1 295.8 
184.8 278.4 291.5 
174.7 260.4 283.4 
177.8 248.1 292.7 
157.9 206.3 239.3 
143.0 174.4 213.9 
132.5 155.9 177.6 
129.5 155.0 165.8 
Relative Humidity (%) 
elevation (m) 
1650 2130 2600 
69.9 47.5 28.7 
72.6 58.9 43.3 
81.5 61.1 42.4 
82.8 61.4 47.4 
82.6 66.5 48.5 
83.4 65.0 47.0 
84.0 66.0 52.8 
82.7 69.0 57.2 
85.7 72.0 64.4 
84.0 72.9 59.2 
80.5 64.3 59.2 











































Soil Heat Flux (wim2) 
elevation (m) 
1650 2130 2600 
-0.5 -1.2 3.3 
0.0 0.5 -0.9 
-0.2 0.9 -2.4 
0.5 1.1 0.6 
0.8 0.7 0.8 
0.4 0.6 0.2 
0.8 0.1 -0.2 
0.6 0.4 -0.1 
-0.3 -0.4 -3.2 
-0.8 -0.8 -0.4 
-0.2 -0.3 2.2 
Atmometer Evaporation (mmiday) 
elevation (m) 
2130 2600 3000 
3.0 4.7 6.3 
2.4 4.3 5.0 
3.6 4.9 5.5 
4.3 6.4 7.2 
4.6 6.3 7.7 
4.7 5.6 7.6 
4.7 6.1 7.1 
3.8 5.3 6.7 
3.0 4.9 5.3 
2.4 3.9 4.8 
2.2 4.3 4.3 
2.2 3.4 5.2 











1 1 :00 AM 
12:OO PM 






















1 1 :00 AM 
12:OO PM 
1 :00 PM 
2:00 PM 
3 :00 I'M 
Net Radiation (w/m2) 
clcvalion (111) 
Air Temperature (OC) 
clevntion (m) 
Glohal Radiation (w/rn2) 
clcvation (in) 
IWative Humidity (%) 
clcvation (m) 
Table 4 continued 
4:00 PM 20.7 15.7 14.5 13.5 11.1 
5:00 PM 20.2 15.4 14.1 13.0 10.5 
6:OOPM 19.3 14.7 13.3 12.2 9.6 
7:00 PM 18.0 13.6 12.0 10.8 8.5 
8:OOPM 16.9 12.7 11.1 10.0 7.7 
9:00 PM 16.4 12.3 10.8 9.8 7.4 
10:OO PM 16.0 12.0 10.7 9.6 7.3 
11:OO PM 15.7 11.7 10.6 9.5 7.1 
12:OO AM 15.5 11.6 10.4 9.3 7.0 




950 1650 2130 2600 3000 
I :00 AM 1.4 3.0 4.7 2.7 2.6 
2:00 AM 0.6 1.4 3.8 3.1 2.5 
3:OO AM 0.5 1.3 3.4 2.8 2.5 
4:OO A M  0.7 I .  I 3.5 2.0 2 5 
5:OO AM 0.6 1.0 2.8 2.8 2.9 
0:OO AM 0.8 0.8 2.8 2.4 2.1 
7:OO AM 0 . 8  1 .O 2.9 3.5 3.2 
Wind Speed (mls) 
elevalion (m) 
950 1650 2130 2600 
0.6 2.4 2.6 2.9 
0.6 2.4 2.6 2.9 
0.7 2.5 2.5 2.9 
0.7 2.5 2.5 2.9 
0.7 2.5 2.5 2.9 
0.7 2.6 2.5 2.9 
0.7 2.5 2.5 2.8 
0.5 1.8 2.2 2.7 
0.7 1.6 2.1 2.6 
1.2 1.8 2.3 2.6 
1.5 2.0 2.4 2.7 
1.8 2.1 2.4 2.8 
2.1 2.2 2.4 2.8 
2.3 2.2 2.4 2.8 
2.4 2.2 2.3 2.8 
2.3 2.1 2.2 2.7 
2.1 1.9 2.1 2.6 
1.7 1.5 2.0 2.5 
1.0 1.4 2.1 2.5 
0.5 1.7 2.4 2.6 
0.5 2.0 2.6 2.7 
0.5 2.2 2.7 2.8 
0.5 2.3 2.7 2.8 
0.5 2.4 2.6 2.9 
Atmometer Evaporation (mmlday) 
elevation (m) 
950 1650 2 130 2600 3000 
0.8 I .9 I .6 2.0 3.1 
0,9 2.0 1.6 2.5 3.0 
0.9 2.0 I .5 2.5 3.0 
0.9 2.1 1.5 2.5 3.0 
0.0 2.2 1.5 2.5 3.0 
0.0 2.3 1.5 2.0 3 .  I 
1.2 2.5 1.5 2.7 3 . 3  
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Figure 2 - Monthly Mean Net Radiation 

























Figure 6 - Monthly Mean Vapor Pressure 
Figure 7 - Monthly Mean Wind Speed 
heat O 
Figure 8 - Monthly Mean Soil Heat Flux 









Figure 10 - Monthly Mean Atmometer Evaporation 
radiation 200 
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Figure 11 - Annual Mean Solar Radiation 
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Figure 12 - June-July Mean Solar Radiation 
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Figure 13 - December-January Mean Solar Radiation 
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Figure 19 - Mean Soil Heat Flux 
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Figure 20 - Annual Mean Rainfall 
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Figure 22 - Annual Mean Atmometer Evaporation 
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Figure 23 - Annual Cycle of Net Radiation 
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Figure 26 - Annual Cycle of Relative Humidity 
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Figure 28 - Annual Cycle of Windspeed 
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Figure 29 - Annual Cycle of Soil Heat Flux 
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Figure 34 - Annual Cycle of Rainfall Versus Atmometer Evaporation at 2130 meters 
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Figure 35 - Annual Cycle of Rainfall Versus Atmometer Evaporation at 2600 meters 
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Figure 37 - Mean Diurnal Cycle of Net Radiation 
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Figure 40 - Mean Diurnal Cycle of Relative Humidity 
I 
0 2 4 6 8 10 12 14 16 18 20 22 24 
local time 
Figure 41 - Mean Diurnal Cycle of Vapor Pressure 
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Figure 42 - Mean Diurnal Cycle of Windspeed 
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Figure 43 - Mean Diurnal Cycle of Soil Heat Flux 
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Figure 45 - Mean Diurnal Cycle of Atmometer Evaporation 
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Figure 48 - Net and Global Radiation During Snowstorm of January 14-15, 1992 
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Figure 49 - Diurnal Pattern of Atmometer Measurements Versus Potential Evaporation 
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Figure 50 - Diurnal Pattern of Atmometer Measurements Versus Potential Evaporation 
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Figure 51 - Diurnal Pattern of Atmometer Measurements Versus Potential Evaporation 
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Diurnal Pattern of Atrnometer Measurements Versus Potential Evaporation 
Estimates at 2600 meters Elevation 
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Figure 53 - Diurnal Pattern of Atmometer Measurements Versus Potential Evaporation 
Estimates at 3000 meters Elevation 
